Abstract: This paper studied the influence of fiber volume fraction (V f ), fiber orientation, and type of reinforcement bar (rebar) on the uniaxial tensile behavior of rebar-reinforced strain-hardening ultra-high performance concrete (UHPC). It was observed that the tensile strength increased with the increase in V f . When V f was kept constant at 1%, rebar-reinforced UHPC with fibers aligned with the load direction registered the highest strength and that with fibers oriented perpendicular to the load direction recorded the lowest strength. The strength of the composite with random fibers laid in between. Moreover, the strength, as well as the ductility, increased when the normal strength grade 60 rebars embedded in UHPC were replaced with high strength grade 100 rebars with all other conditions remaining unchanged. In addition, this paper discusses the potential of sudden failure of rebar-reinforced strain hardening UHPC and it is suggested that the composite attains a minimum strain of 1% at the peak stress to enable the members to have sufficient ductility.
Introduction
This research focuses on the uniaxial tensile behavior of rebar-reinforced ultra-high performance concrete (reinforced UHPC). In an un-cracked state, reinforced UHPC under tensile loading can be assumed to behave elastically with perfect bond (Figure 1a ). This is similar to conventional reinforced concrete (RC) under uniaxial tension. As the tensile load is increased, it leads to the development of micro cracks as soon as the matrix reaches its cracking strength locally (Figure 1b) . For the purpose of this study, micro cracks are defined as any crack with an upper limit of 10 µm width; beyond this width limit, cracks are considered to be macro cracks [1] . In comparison to RC where the tensile load across the crack is only transferred by the rebar, reinforced UHPC allows the transfer of the tensile load across the crack by the combined effort of fiber-reinforcement and rebar. This crack-bridging effect of the fibers increases the composite stiffness beyond the tension stiffening effect of rebar reinforced concrete [2] . With a further increase in the tensile load, strain-hardening UHPC exhibits multiple cracking ( Figure 1c ). It is worth noting here that this phenomenon of multiple cracking differentiates strain-hardening cementitious composites (e.g., UHPC containing at least 1.5 vol.% steel fibers of aspect ratio 65 [3] ) in its composite tensile behavior from conventional fiber reinforced concrete (FRC). The multiple cracking of the matrix continues with the increased tensile load until the tensile strength of UHPC is reached. Then the fiber-reinforced matrix starts softening, which leads to the development of a macro crack (Figure 1d ). At this stage or with further increase in the tensile load, the yielding rebar starts strain-hardening, resulting in the formation of multiple macro cracks ( Figure 1e ) followed by rebar softening and ultimately, failure (Figure 1f) . load, the yielding rebar starts strain-hardening, resulting in the formation of multiple macro cracks ( Figure 1 demonstrates how the fiber reinforcement influences the development of micro and macro cracks under increased tensile loading. The effect of fiber reinforcement is controlled by the type, the amount, and the orientation of fibers [5] present in the composite. The fiber reinforcement not only enhances the tensile load transfer along the load direction as illustrated in Figure 1 , but it also improves the bond properties between the rebar and the fiber composite [6] . Under tensile loading, the bond between the matrix and the fibers, as well as the splitting cracks, develops along the load direction. Hence, fibers, oriented perpendicular to the load direction, improve the bond properties more effectively than that aligned with the load direction [7] . This phenomenon motivated the authors to investigate the effect of fiber orientation on the overall performance of reinforced UHPC under tensile loading.
Several researchers investigated the behavior of reinforced UHPC under tensile loading. Redaelli [8] performed direct tension tests on real-scale (160 mm × 160 mm cross-section with 1 m measurement length) UHPC dog bone-shaped specimens reinforced with ordinary steel bars (16 mm diameter). He found that the cracks opened at the serviceability-limit state were thin and closely spaced (spacing ~20 to 100 mm). He also observed that the tension-stiffening effect in reinforced UHPC was more pronounced than that in RC, resulting in a higher stiffness of the composite. Moreover, reinforced UHPC might have a positive financial impact due to the possible reduction in the amount of expensive steel fibers added to the matrix. Leutbecher and Fehling [9] showed that rebar reinforced UHPC with as low as 0.9% fiber volume fraction ( ) could demonstrate strainhardening behavior with very small crack spacing and crack widths, whereas a typical UHPC may require sufficiently large amount of fibers ( > 1.5%) [8] on its own to achieve strain-hardening and favorable crack width. This is of significant importance because the amount of expensive steel fibers dominates the cost of UHPC. A significant reduction in can result in a significant reduction in material cost. Kunieda et al. [10] conducted uniaxial tensile tests on reinforced ultra-high performance strain hardening cementitious composite (UHP-SHCC) specimens having compressive strength ( ) of 95 MPa and 1.5% . They observed that all the UHP-SHCC specimens showed strain-hardening behavior with multiple cracking. Similar experiments on rebar-embedded FRC, carried out by other researchers [11] [12] [13] , showed favorable results with respect to crack spacing and crack width. A review of the aforesaid literature suggests that the interaction between rebar and Figure 1 demonstrates how the fiber reinforcement influences the development of micro and macro cracks under increased tensile loading. The effect of fiber reinforcement is controlled by the type, the amount, and the orientation of fibers [5] present in the composite. The fiber reinforcement not only enhances the tensile load transfer along the load direction as illustrated in Figure 1 , but it also improves the bond properties between the rebar and the fiber composite [6] . Under tensile loading, the bond between the matrix and the fibers, as well as the splitting cracks, develops along the load direction. Hence, fibers, oriented perpendicular to the load direction, improve the bond properties more effectively than that aligned with the load direction [7] . This phenomenon motivated the authors to investigate the effect of fiber orientation on the overall performance of reinforced UHPC under tensile loading.
Several researchers investigated the behavior of reinforced UHPC under tensile loading. Redaelli [8] performed direct tension tests on real-scale (160 mm × 160 mm cross-section with 1 m measurement length) UHPC dog bone-shaped specimens reinforced with ordinary steel bars (16 mm diameter). He found that the cracks opened at the serviceability-limit state were thin and closely spaced (spacing~20 to 100 mm). He also observed that the tension-stiffening effect in reinforced UHPC was more pronounced than that in RC, resulting in a higher stiffness of the composite. Moreover, reinforced UHPC might have a positive financial impact due to the possible reduction in the amount of expensive steel fibers added to the matrix. Leutbecher and Fehling [9] showed that rebar reinforced UHPC with as low as 0.9% fiber volume fraction (V f ) could demonstrate strain-hardening behavior with very small crack spacing and crack widths, whereas a typical UHPC may require sufficiently large amount of fibers (V f > 1.5%) [8] on its own to achieve strain-hardening and favorable crack width. This is of significant importance because the amount of expensive steel fibers dominates the cost of UHPC. A significant reduction in V f can result in a significant reduction in material cost. Kunieda et al. [10] conducted uniaxial tensile tests on reinforced ultra-high performance strain hardening cementitious composite (UHP-SHCC) specimens having compressive strength ( f c ) of 95 MPa and 1.5% V f . They observed that all the UHP-SHCC specimens showed strain-hardening behavior with multiple cracking. Similar experiments on rebar-embedded FRC, carried out by other researchers [11] [12] [13] , showed favorable results with respect to crack spacing and crack width. A review of the aforesaid literature suggests that the interaction between rebar and concrete in RC or the interaction among rebar, concrete, and fibers in conventional FRC is well understood. However, the interaction between rebar and strain-hardening UHPC needs to be investigated further in order to understand the effect of strain-hardening characteristic on the composite tensile behavior.
Brittle Failure of Reinforced Strain-Hardening UHPC?
Strain-hardening UHPC is characterized by multiple cracking and significantly enhanced energy absorption capacity until failure [3] . Prima facie, reinforced strain-hardening UHPC is expected to behave as a highly ductile material due to the ductile behavior of both the fiber-reinforced matrix and the hardening rebar. However, the following conditions could lead to a rather brittle failure and thus, motivated this research to investigate further.
The softening behavior of strain-hardening UHPC is characterized by the formation and subsequent opening of a macro crack similar to that of FRC. If the softening behavior of the fiber-reinforced UHPC matrix (i.e., the slope of region A-B in Figure 2 ) and thus the decrease in force (∆F m ) due to the decrease in stress resistance (∆σ m ) is more pronounced than the hardening behavior of the rebar (i.e., the slope of region C-D in Figure 2 ) and thus the increase in force (∆F r ) due to the increase in stress resistance (∆σ r ), then opening of only one macro crack might lead to a local rebar failure (region E-F in Figure 2 ). In other words, if during softening, ∆F m (decrease in force in the fiber-reinforced UHPC matrix) > ∆F r (increase in force in the rebar) (Figure 3 ), then the load carrying capacity of the reinforced composite will be reached as soon as the first macro crack forms and hence, the formation of only one macro crack will lead to a sudden failure of the composite. This yield-point localization without forming other rebar yield points leads to a loss of ductility of the composite [14] , which might pose a threat to the structure at the ultimate limit state [8] .
In summary, one of the following two conditions occurs when the UHPC matrix reaches the peak tensile strength under uniaxial tensile loading:
If |∆F m | < |∆F r | → formation of multiple macro cracks → increase in ductility (1) If |∆F m | > |∆F r | → formation of one macro crack → loss of ductility (2) where
and A m and A r are the area of the matrix and the rebar, respectively.
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If |∆ | > |∆ | → formation of one macro crack → loss of ductility (2) where
and and are the area of the matrix and the rebar, respectively. The multiple cracking of the matrix followed by the formation of one macro crack provides sufficient ductility to the composite for controlling cracks at the serviceability limit state. However, it is important that the composite has sufficient ductility to attain high strain levels at the ultimate limit state [9] . Improved ductility at high strain levels through tailored finer-reinforcement, accompanied by the formation of multiple macro cracks, would ensure the safety of the structure at the ultimate limit state. Leutbecher [15] recommended decreased fiber content and the use of rebar with pronounced hardening to achieve multiple macro cracks, similar to conventional RC. Redaelli [8] suggested the use of rebar with enhanced and continuous strain-hardening property in order to improve ductility. Sturwald and Fehling [16] proposed an increased amount of rebar reinforcement at higher fiber dosages in order to make bar hardening more pronounced than the softening behavior of the fibers. Thus, for ultimate limit-state design, the influence of the fibers, as well as the rebar reinforcement, has to be considered to attain a ductile composite behavior at failure [17] . Although other researchers [8, 18, 19] have encountered a similar problem of strain localization at the ultimate limit-state, research on the effect of orientation and amount of fibers in UHPC as well as the type of rebar reinforcement has been very limited [20] . Hence, an effort has been made in this research to characterize the behavior of rebar-embedded strain-hardening UHPC under uniaxial tension with a major focus on the effect of type of rebar reinforcement and the amount and orientation of fibers.
Materials and Methods

Materials
Rebar-Characterization
Two different grades of uncoated deformed #3 (nominal diameter ≈ 9.5 mm) steel rebar, viz. normal strength grade 60 and high strength grade 100, were used in the experiment. The grade 60 rebar had yield strength ( ) of 415 MPa and conformed to the specifications of ASTM A615 [21] . It will hereinafter be referred to as A615. The grade 100 rebar conformed to the specifications of ASTM A1035 [22] and will hereinafter be referred to as A1035. Due to its high yield strength ( = 700 MPa), A1035 facilitates reduction in the quantity of reinforcement in a structure provided sufficient bond is present. This, in turn, improves the constructability. Furthermore, by virtue of its low amount of carbon (≤0.15% by weight) and chromium (~8-10% by weight), A1035 is also highly corrosionresistant enabling structures to be more durable and thereby decreasing the life cycle cost.
Uniaxial tensile tests were carried out in accordance with the specifications of ASTM A370 [23] on three bars each for A615 and A1035. Table 1 shows the average key results from the tests. The stress versus strain curves of all the specimens along with the average curves for both A615 and A1035 are shown in Figure 4 . The figure shows that A1035 does not have a well-defined yield plateau in contrast to that of ASTM A615 bar [7] . Similar behavior of A1035 was also reported by Seliem et al. [24] . The multiple cracking of the matrix followed by the formation of one macro crack provides sufficient ductility to the composite for controlling cracks at the serviceability limit state. However, it is important that the composite has sufficient ductility to attain high strain levels at the ultimate limit state [9] . Improved ductility at high strain levels through tailored finer-reinforcement, accompanied by the formation of multiple macro cracks, would ensure the safety of the structure at the ultimate limit state. Leutbecher [15] recommended decreased fiber content and the use of rebar with pronounced hardening to achieve multiple macro cracks, similar to conventional RC. Redaelli [8] suggested the use of rebar with enhanced and continuous strain-hardening property in order to improve ductility. Sturwald and Fehling [16] proposed an increased amount of rebar reinforcement at higher fiber dosages in order to make bar hardening more pronounced than the softening behavior of the fibers. Thus, for ultimate limit-state design, the influence of the fibers, as well as the rebar reinforcement, has to be considered to attain a ductile composite behavior at failure [17] . Although other researchers [8, 18, 19] have encountered a similar problem of strain localization at the ultimate limit-state, research on the effect of orientation and amount of fibers in UHPC as well as the type of rebar reinforcement has been very limited [20] . Hence, an effort has been made in this research to characterize the behavior of rebar-embedded strain-hardening UHPC under uniaxial tension with a major focus on the effect of type of rebar reinforcement and the amount and orientation of fibers.
Materials and Methods
Materials
Rebar-Characterization
Two different grades of uncoated deformed #3 (nominal diameter ≈ 9.5 mm) steel rebar, viz. normal strength grade 60 and high strength grade 100, were used in the experiment. The grade 60 rebar had yield strength ( f y ) of 415 MPa and conformed to the specifications of ASTM A615 [21] . It will hereinafter be referred to as A615. The grade 100 rebar conformed to the specifications of ASTM A1035 [22] and will hereinafter be referred to as A1035. Due to its high yield strength ( f y = 700 MPa), A1035 facilitates reduction in the quantity of reinforcement in a structure provided sufficient bond is present. This, in turn, improves the constructability. Furthermore, by virtue of its low amount of carbon (≤0.15% by weight) and chromium (~8-10% by weight), A1035 is also highly corrosion-resistant enabling structures to be more durable and thereby decreasing the life cycle cost.
Uniaxial tensile tests were carried out in accordance with the specifications of ASTM A370 [23] on three bars each for A615 and A1035. Table 1 shows the average key results from the tests. The stress versus strain curves of all the specimens along with the average curves for both A615 and A1035 are shown in Figure 4 . The figure shows that A1035 does not have a well-defined yield plateau in contrast to that of ASTM A615 bar [7] . Similar behavior of A1035 was also reported by Seliem et al. [24] . Figure 4 . Average stress versus strain curves of A615 and A1035 rebar used in this research (Adapted from [7] ).
UHPC-Material Design and Characterization
The mixture proportions of the proprietary premix of UHPC used in the experiment are shown in Table 2 . The Premix contained an undisclosed amount of silica fume, ground quartz, sand, and cement. The fibers used were high strength steel fibers with yield strength in excess of 2000 MPa and an aspect ratio of 65 (13 mm in length and 0.2 mm in diameter). The fibers had a slightly deformed mid-section ( Figure 5 for reference). The mixing procedure has been outlined in [7] . Table 2 . Mixture proportions and compressive strength of UHPC (Adapted from [7, 25] 
The mixture proportions of the proprietary premix of UHPC used in the experiment are shown in Table 2 . The Premix contained an undisclosed amount of silica fume, ground quartz, sand, and cement. The fibers used were high strength steel fibers with yield strength in excess of 2000 MPa and an aspect ratio of 65 (13 mm in length and 0.2 mm in diameter). The fibers had a slightly deformed mid-section ( Figure 5 for reference). The mixing procedure has been outlined in [7] . Table 2 . Mixture proportions and compressive strength of UHPC (Adapted from [7, 25] Figure 4 . Average stress versus strain curves of A615 and A1035 rebar used in this research (Adapted from [7] ).
The mixture proportions of the proprietary premix of UHPC used in the experiment are shown in Table 2 . The Premix contained an undisclosed amount of silica fume, ground quartz, sand, and cement. The fibers used were high strength steel fibers with yield strength in excess of 2000 MPa and an aspect ratio of 65 (13 mm in length and 0.2 mm in diameter). The fibers had a slightly deformed mid-section ( Figure 5 for reference). The mixing procedure has been outlined in [7] . Table 2 . Mixture proportions and compressive strength of UHPC (Adapted from [7, 25] . Steel fibers with slightly deformed mid-section [7] . Figure 5 . Steel fibers with slightly deformed mid-section [7] . Compression testing of UHPC was carried out on cylindrical specimens (76 mm diameter × 152 mm height) as per modified ASTM C39 [26] using a 1780 kN load frame. Three specimens were cast and tested at 7, 14, and 28-days and the average compressive strength values are reported in Table 2 . The casting procedure and the testing procedure have been outlined in detail in [7] .
Direct tension tests of UHPC were performed on 25 mm × 50 mm × 406 mm long prismatic specimens after 14 days of casting. Three different casting methods, viz., Parallel, RandomA, and RandomB were used. In "Parallel" casting method, a scoop was used to pour the UHPC back and forth along the length of the mold in small layers at a pace fast enough to align the fibers. The "RandomA" method consisted of pouring the UHPC in the center of the mold and allowing the material to flow to the ends. In "RandomB" method, the UHPC was placed at one end of the mold and allowed to flow to the opposite end. Four different V f values, viz., 0%, 1%, 2%, and 3% were used. At least three specimens were cast for each series. However, one specimen in each "2% fiber-parallel" and "3% fiber-parallel" series broke within the grip during testing and was rendered invalid. Hence, the average strength for each of those two series was calculated based on the results of two specimens. The tests were performed using a 1780 kN load frame. A picture of the test set-up is shown in Figure 6 . Loading was applied by displacement controlled method at a rate of 0.5 mm/min. The testing procedure is explained in [7] . The average maximum tensile stress values are plotted in Figure 7 . Compression testing of UHPC was carried out on cylindrical specimens (76 mm diameter × 152 mm height) as per modified ASTM C39 [26] using a 1780 kN load frame. Three specimens were cast and tested at 7, 14, and 28-days and the average compressive strength values are reported in Table 2 . The casting procedure and the testing procedure have been outlined in detail in [7] .
Direct tension tests of UHPC were performed on 25 mm × 50 mm × 406 mm long prismatic specimens after 14 days of casting. Three different casting methods, viz., Parallel, RandomA, and RandomB were used. In "Parallel" casting method, a scoop was used to pour the UHPC back and forth along the length of the mold in small layers at a pace fast enough to align the fibers. The "RandomA" method consisted of pouring the UHPC in the center of the mold and allowing the material to flow to the ends. In "RandomB" method, the UHPC was placed at one end of the mold and allowed to flow to the opposite end. Four different values, viz., 0%, 1%, 2%, and 3% were used. At least three specimens were cast for each series. However, one specimen in each "2% fiberparallel" and "3% fiber-parallel" series broke within the grip during testing and was rendered invalid. Hence, the average strength for each of those two series was calculated based on the results of two specimens. The tests were performed using a 1780 kN load frame. A picture of the test set-up is shown in Figure 6 . Loading was applied by displacement controlled method at a rate of 0.5 mm/min. The testing procedure is explained in [7] . The average maximum tensile stress values are plotted in Figure 7 . Average maximum stress of UHPC under uniaxial tension [7] . Figure 6 . Test set-up for the uniaxial tensile test of UHPC [7] . Compression testing of UHPC was carried out on cylindrical specimens (76 mm diameter × 152 mm height) as per modified ASTM C39 [26] using a 1780 kN load frame. Three specimens were cast and tested at 7, 14, and 28-days and the average compressive strength values are reported in Table 2 . The casting procedure and the testing procedure have been outlined in detail in [7] .
Direct tension tests of UHPC were performed on 25 mm × 50 mm × 406 mm long prismatic specimens after 14 days of casting. Three different casting methods, viz., Parallel, RandomA, and RandomB were used. In "Parallel" casting method, a scoop was used to pour the UHPC back and forth along the length of the mold in small layers at a pace fast enough to align the fibers. The "RandomA" method consisted of pouring the UHPC in the center of the mold and allowing the material to flow to the ends. In "RandomB" method, the UHPC was placed at one end of the mold and allowed to flow to the opposite end. Four different values, viz., 0%, 1%, 2%, and 3% were used. At least three specimens were cast for each series. However, one specimen in each "2% fiberparallel" and "3% fiber-parallel" series broke within the grip during testing and was rendered invalid. Hence, the average strength for each of those two series was calculated based on the results of two specimens. The tests were performed using a 1780 kN load frame. A picture of the test set-up is shown in Figure 6 . Loading was applied by displacement controlled method at a rate of 0.5 mm/min. The testing procedure is explained in [7] . The average maximum tensile stress values are plotted in Figure 7 . Average maximum stress of UHPC under uniaxial tension [7] . Figure 7 . Average maximum stress of UHPC under uniaxial tension [7] . 
Uniaxial Tensile Test of Rebar-Reinforced UHPC
Test Specimen Design
A test set-up for rebar-reinforced strain-hardening UHPC under uniaxial tension is more complicated in nature than a test set-up for ordinary RC because the fibers in strain-hardening UHPC allow the composite to reach a peak load greater than that of the rebar itself. This means that a single bar run through the axis of the specimen and gripped on both ends would fail outside of the specimen as the exposed bar is the weakest portion of the specimen. In order to prevent failure outside of the specimen, different researchers have used different specimens ranging from dog-bone shaped [8, 27] to heavier reinforced ends [10, 28, 29] to a combination of both [4, 11, 30] . In the present study, the test specimen was designed around the need to run tests using wedge grips and therefore, dog-bone specimens were ruled out. Instead, prismatic specimens (76 mm × 102 mm × 1020 mm long) were used with extra reinforcement added to the ends. A line sketch of the specimen with dimensions is shown in Figure 10a and an assembled mold is shown in Figure 10b . 
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Test Specimen Design
Test Matrix
A total of sixteen different series based on volume fraction and orientation of fiber and type of rebar were tested under uniaxial tension. The number of specimen in each series is listed in Table 3 . Due to the large size of the specimens, only one specimen was cast in each series except for a few selected series. 
Specimen Preparation
Before pouring of concrete, a light mineral oil was applied to the inside of the formwork and then the smaller side bars were set in place (Figure 11i) . In order to align the fibers parallel to the load direction, concrete was poured back and forth along the length of the formwork starting from one end and going to the other (Figure 11ii , iii, v-viii). The middle bar was put in place once four layers of concrete were cast (Figure 11iv ). For the perpendicular fiber orientation, the pouring was done orthogonal to the applied load. A similar casting principle to pre-align the fibers was used in [7] . For random fiber orientation, UHPC was poured at random spots throughout the formwork not giving too much time for it to flow before another spot near it was filled. This method prevented the fibers from aligning along a certain direction. No compaction was necessary as the UHPC material used in this study was self-compacting. All specimens were stripped of formwork after 48 h of casting, wrapped in plastic, and kept at room temperature until the 14-day testing time. 
Test Matrix
Specimen Preparation
Before pouring of concrete, a light mineral oil was applied to the inside of the formwork and then the smaller side bars were set in place (Figure 11i) . In order to align the fibers parallel to the load direction, concrete was poured back and forth along the length of the formwork starting from one end and going to the other (Figure 11ii ,iii,v-viii). The middle bar was put in place once four layers of concrete were cast (Figure 11iv ). For the perpendicular fiber orientation, the pouring was done orthogonal to the applied load. A similar casting principle to pre-align the fibers was used in [7] . For random fiber orientation, UHPC was poured at random spots throughout the formwork not giving too much time for it to flow before another spot near it was filled. This method prevented the fibers from aligning along a certain direction. No compaction was necessary as the UHPC material used in this study was self-compacting. All specimens were stripped of formwork after 48 h of casting, wrapped in plastic, and kept at room temperature until the 14-day testing time. 
Testing
Before testing, the specimen was set up into the non-hydraulic wedge grips of a 1780 kN load frame. A set of two LVDT was attached to the custom holders that were pinhead-screwed to the specimen at each end (where the side bars stopped), so as to have a 610 mm long measurement length. The test set-up is shown in Figure 12 . The tests were carried out using displacement control mechanism at the rate of 2 mm/min and force versus displacement of each LVDT was recorded. Water was rubbed onto the surface of the specimen to aid in viewing cracks. 
Results and Discussion
Peak Stress and Calculated UHPC Contribution
The peak stress of the composite is related to the rebar area and thus is calculated using Equation (5).
=
where is the maximum force reached by the composite and is the radius of the rebar. Equation 6 shows the formula using which the UHPC contribution ( ) has been determined.
where is the ultimate strength of rebar and is cross-sectional area of the reinforced UHPC specimen.
Effect of
The average peak stress values along with the calculated UHPC contribution for UHPC with embedded rebars are plotted against the fiber volume fractions in Figure 13a through Figure 13c . It can be seen from Figure 13a that the peak stress of UHPC with parallel fibers and one A1035 reinforcement bar increases by 10%, 13%, and 36% when the is increased from 0.5% to 0.75%, 1%, and 2%, respectively. The peak stress for 3% is almost the same as that for 2% . In case of UHPC with randomly oriented fibers and one A1035 rebar (Figure 13b ), the peak stress is increased by 6%, 12%, and 21% when the is increased from 0.5% to 1%, to 2%, and 3%, respectively. The peak stress in Figure 13c (with parallel fibers and one A615 rebar) increases by 14%, 28%, and 95% when the is increased from 0.5% to 0.75%, 1%, and 2%, respectively. The contribution of UHPC in all the three graphs follows a similar trend as that of the composite, i.e., with the increase in , the UHPC contribution increases. Since fibers transfer the tensile forces across cracks, higher fiber volume fraction increases the probability of the number of fibers crossing the cracks, thereby increasing the load carrying capacity of UHPC as well as the composite. In all the three figures, the peak stress of the composite is much higher than the corresponding ultimate stress in rebar. This is due to the 
Results and Discussion
Peak Stress and Calculated UHPC Contribution
where F peak is the maximum force reached by the composite and r b is the radius of the rebar. Equation (6) shows the formula using which the UHPC contribution (σ uhpc ) has been determined.
where f t is the ultimate strength of rebar and A c is cross-sectional area of the reinforced UHPC specimen.
Effect of V f
The average peak stress values along with the calculated UHPC contribution for UHPC with embedded rebars are plotted against the fiber volume fractions in Figure 13a -c. It can be seen from Figure 13a that the peak stress of UHPC with parallel fibers and one A1035 reinforcement bar increases by 10%, 13%, and 36% when the V f is increased from 0.5% to 0.75%, 1%, and 2%, respectively. The peak stress for 3% V f is almost the same as that for 2% V f . In case of UHPC with randomly oriented fibers and one A1035 rebar (Figure 13b ), the peak stress is increased by 6%, 12%, and 21% when the V f is increased from 0.5% to 1%, to 2%, and 3%, respectively. The peak stress in Figure 13c (with parallel fibers and one A615 rebar) increases by 14%, 28%, and 95% when the V f is increased from 0.5% to 0.75%, 1%, and 2%, respectively. The contribution of UHPC in all the three graphs follows a similar trend as that of the composite, i.e., with the increase in V f , the UHPC contribution increases. Since fibers transfer the tensile forces across cracks, higher fiber volume fraction increases the probability of the number of fibers crossing the cracks, thereby increasing the load carrying capacity of UHPC as well as the composite. In all the three figures, the peak stress of the composite is much higher than the corresponding ultimate stress in rebar. This is due to the superimposed crack-bridging effects of the fibers in UHPC and tensile stress in the reinforcement bars, leading to a composite stress that is higher than the ultimate strength of the rebar. This is one significant advantage of using reinforced UHPC instead of ordinary RC as in the case of RC, the stress of RC follows closely the stress in rebar once the matrix softens. Similar observation was also made by Redaelli [8] . superimposed crack-bridging effects of the fibers in UHPC and tensile stress in the reinforcement bars, leading to a composite stress that is higher than the ultimate strength of the rebar. This is one significant advantage of using reinforced UHPC instead of ordinary RC as in the case of RC, the stress of RC follows closely the stress in rebar once the matrix softens. Similar observation was also made by Redaelli [8] .
(a) (b) (c) Figure 13 . Effect of volume fraction on the peak stress of reinforced UHPC and on the UHPC contribution: (a) A1035 bars with parallel fiber orientation; (b) A1035 bars with random fiber orientation; (c) A615 bars with parallel fiber orientation.
Effect of Fiber Orientation
The effect of fiber orientation for reinforced-UHPC with 1% fibers is shown in Figure 14a (with A1035 bar) and Figure 14b (with A615 bar) . In Figure 14a , the composite with random and parallel 
The effect of fiber orientation for reinforced-UHPC with 1% fibers is shown in Figure 14a (with A1035 bar) and Figure 14b (with A615 bar). In Figure 14a , the composite with random and parallel fiber orientation register an increase in peak stress by 9% and 14%, respectively, compared to that with perpendicular fiber orientation. In case of A615 bars (Figure 14b) , the peak stress of the composite is increased by 4% and 37% when the fiber orientation is changed from perpendicular to random and from perpendicular to parallel, respectively. The calculated UHPC contribution follows a similar trend in both the figures. Since the specimens were subjected to uniaxial tension, the composite with fibers arranged parallel to the applied load had the highest probability of fibers crossing the cracks compared to the composites with random and perpendicular fiber orientation, thereby registering the maximum peak stress. fiber orientation register an increase in peak stress by 9% and 14%, respectively, compared to that with perpendicular fiber orientation. In case of A615 bars (Figure 14b) , the peak stress of the composite is increased by 4% and 37% when the fiber orientation is changed from perpendicular to random and from perpendicular to parallel, respectively. The calculated UHPC contribution follows a similar trend in both the figures. Since the specimens were subjected to uniaxial tension, the composite with fibers arranged parallel to the applied load had the highest probability of fibers crossing the cracks compared to the composites with random and perpendicular fiber orientation, thereby registering the maximum peak stress. Figure 15 shows the effect of rebar type on the uniaxial tensile behavior of the composite with parallel fiber orientation. It can be seen from the figure that the average peak stress of the composite with A1035 bars are 54%, 48%, 35%, and 7% higher than that with A615 bars for = 0.5%, 0.75%, 1%, and 2%, respectively. Since A1035 bars have higher yield stress and ultimate stress than A615 bars, the composite with A1035 bars registers higher peak stress before the start of softening compared to that with A615 bars for a particular and fiber orientation. 
Effect of Rebar Type
Stress versus Strain Response
In addition to the peak stress values discussed above, the stress versus strain response of the composite under uniaxial tension is analyzed here. The stress versus strain curves presented in this paper represent the calculated average curve of each series, which is obtained by averaging the Figure 15 shows the effect of rebar type on the uniaxial tensile behavior of the composite with parallel fiber orientation. It can be seen from the figure that the average peak stress of the composite with A1035 bars are 54%, 48%, 35%, and 7% higher than that with A615 bars for V f = 0.5%, 0.75%, 1%, and 2%, respectively. Since A1035 bars have higher yield stress and ultimate stress than A615 bars, the composite with A1035 bars registers higher peak stress before the start of softening compared to that with A615 bars for a particular V f and fiber orientation. fiber orientation register an increase in peak stress by 9% and 14%, respectively, compared to that with perpendicular fiber orientation. In case of A615 bars (Figure 14b ), the peak stress of the composite is increased by 4% and 37% when the fiber orientation is changed from perpendicular to random and from perpendicular to parallel, respectively. The calculated UHPC contribution follows a similar trend in both the figures. Since the specimens were subjected to uniaxial tension, the composite with fibers arranged parallel to the applied load had the highest probability of fibers crossing the cracks compared to the composites with random and perpendicular fiber orientation, thereby registering the maximum peak stress. Figure 15 shows the effect of rebar type on the uniaxial tensile behavior of the composite with parallel fiber orientation. It can be seen from the figure that the average peak stress of the composite with A1035 bars are 54%, 48%, 35%, and 7% higher than that with A615 bars for = 0.5%, 0.75%, 1%, and 2%, respectively. Since A1035 bars have higher yield stress and ultimate stress than A615 bars, the composite with A1035 bars registers higher peak stress before the start of softening compared to that with A615 bars for a particular and fiber orientation. 
Effect of Rebar Type
Stress versus Strain Response
In addition to the peak stress values discussed above, the stress versus strain response of the composite under uniaxial tension is analyzed here. The stress versus strain curves presented in this paper represent the calculated average curve of each series, which is obtained by averaging the 
In addition to the peak stress values discussed above, the stress versus strain response of the composite under uniaxial tension is analyzed here. The stress versus strain curves presented in this paper represent the calculated average curve of each series, which is obtained by averaging the interpolated stress values of different specimens at regular strain intervals. For example, Figure 16 shows the average stress versus strain curve of the composite with 1% fibers arranged parallel to the load direction and reinforced with A1035 bars. It also shows the modulus of the composite in the elastic region (E c ) for the average curve and that in the strain-hardening region (E h ) along with the maximum stress (σ pc ) and the strain at the maximum stress ( pc ). interpolated stress values of different specimens at regular strain intervals. For example, Figure 16 shows the average stress versus strain curve of the composite with 1% fibers arranged parallel to the load direction and reinforced with A1035 bars. It also shows the modulus of the composite in the elastic region ( ) for the average curve and that in the strain-hardening region ( ) along with the maximum stress ( ) and the strain at the maximum stress ( ). 
Effect of
Figures 17a,b,c show the effect of fiber volume fraction on the stress versus strain response of the composite with A1035 bars and parallel fiber orientation, with A1035 bars and random fiber orientation, and with A615 bars and parallel fiber orientation, respectively. It is evident from the aforesaid figures that the strain-hardening modulus ( ) increases with the increase in fiber volume fraction. This is due to the improvement in the crack-bridging effect with the increase in , thereby registering higher stresses at lower strains. However, the composite with A1035 rebar loses its ductility (defined as the strain at the peak stress) when is increased further beyond a particular value (e.g., 0.75% for parallel fibers (Figure 17a ) and 1% for random fibers (Figure 17b) ). This is because the softening of UHPC becomes more pronounced with the increase in as compared to the hardening of A1035 rebar. For example, in Table 4 , ∆ for 1%-par-A1035 specimen increases from 1.9 kN to 5.7 kN with the increase in crack width from 0.15 mm to 0.4 mm (see exposure class [31] ) based on the measured stress versus crack-width opening relationship of the UHPC. However, the value of ∆ is still lower than ∆ even at a higher crack width and thus leading to a ductile behavior. But in case of 3%-par-A1035 specimen, ∆ exceeds with 40 kN the value of ∆ = 28.5 kN when the crack width is 0.4 mm. Hence, the specimen starts losing ductility as the crack width increases and becomes unstable as soon as ∆ surpasses ∆ . It is worthwhile to note the difference between material ductility and structural ductility here. Even though UHPC with fibers and steel rebar materials are separately considered to be ductile under tensile loads, a combination of these two materials may not always impart ductility to the resulting structure as evidenced here and hence, shows the importance of this study. For the composite with A615 bars (Figure 17c ), ductility reduces when is increased from 0.5% to 0.75% but beyond = 0.75%, ductility does not depend as such on . Since A615 bar has a much lower yield strength as well as ultimate strength as compared to A1035 bars, the composite fails due to yield point localization. 
Effect of V f
Figure 17a-c show the effect of fiber volume fraction on the stress versus strain response of the composite with A1035 bars and parallel fiber orientation, with A1035 bars and random fiber orientation, and with A615 bars and parallel fiber orientation, respectively. It is evident from the aforesaid figures that the strain-hardening modulus (E h ) increases with the increase in fiber volume fraction. This is due to the improvement in the crack-bridging effect with the increase in V f , thereby registering higher stresses at lower strains. However, the composite with A1035 rebar loses its ductility (defined as the strain at the peak stress) when V f is increased further beyond a particular value (e.g., 0.75% for parallel fibers (Figure 17a ) and 1% for random fibers (Figure 17b) ). This is because the softening of UHPC becomes more pronounced with the increase in V f as compared to the hardening of A1035 rebar. For example, in Table 4 , ∆F m for 1%-par-A1035 specimen increases from 1.9 kN to 5.7 kN with the increase in crack width from 0.15 mm to 0.4 mm (see exposure class [31] ) based on the measured stress versus crack-width opening relationship of the UHPC. However, the value of ∆F m is still lower than ∆F r even at a higher crack width and thus leading to a ductile behavior. But in case of 3%-par-A1035 specimen, ∆F m exceeds with 40 kN the value of ∆F r = 28.5 kN when the crack width is 0.4 mm. Hence, the specimen starts losing ductility as the crack width increases and becomes unstable as soon as ∆F m surpasses ∆F r . It is worthwhile to note the difference between material ductility and structural ductility here. Even though UHPC with fibers and steel rebar materials are separately considered to be ductile under tensile loads, a combination of these two materials may not always impart ductility to the resulting structure as evidenced here and hence, shows the importance of this study. For the composite with A615 bars (Figure 17c ), ductility reduces when V f is increased from 0.5% to 0.75% but beyond V f = 0.75%, ductility does not depend as such on V f . Since A615 bar has a much lower yield strength as well as ultimate strength as compared to A1035 bars, the composite fails due to yield point localization. (2)) a ∆F r = f t − f y A r . b ∆F m = f t − σ w A m ; σ w is the stress in UHPC at a specific crack width (w) (Figure 8 ). c seawater;
wetting and drying (Exposure data from [31] ), d Dry air or protective membrane (Exposure data from [31] ).
Recommendation for V f
In reinforced concrete design, the steel reinforcement bars are assumed to attain a minimum strain of 0.5% in order to have a tension-controlled design such that the compression load is carried by the concrete and the tensile load is carried by the rebars alone. In order for the fibers in the UHPC to carry a part of the tensile load in case of rebar-reinforced UHPC structural members (utilizing the high tensile strength of UHPC), it is suggested that the composite attains a minimum strain of 1% at the peak stress enabling the members to have sufficient ductility. In Figure 17d , the strain at peak stress is plotted against V f for the composite specimens. If 1% strain at the peak stress is considered as the threshold value for ductility, it can be recommended that UHPC with a low fiber volume faction (~0.5-0.75%) should be used in conjunction with strain-hardening rebars (such as A1035 bars) in order to achieve ductility for 0.9% reinforcement ratio. (2)) a ∆ = ( − ) . b ∆ = ( − ) ; is the stress in UHPC at a specific crack width ( ) (Figure 8 ). c seawater; wetting and drying (Exposure data from [31] ), d Dry air or protective membrane (Exposure data from [31] ).
Recommendation for
In reinforced concrete design, the steel reinforcement bars are assumed to attain a minimum strain of 0.5% in order to have a tension-controlled design such that the compression load is carried by the concrete and the tensile load is carried by the rebars alone. In order for the fibers in the UHPC to carry a part of the tensile load in case of rebar-reinforced UHPC structural members (utilizing the high tensile strength of UHPC), it is suggested that the composite attains a minimum strain of 1% at the peak stress enabling the members to have sufficient ductility. In Figure 17d , the strain at peak stress is plotted against for the composite specimens. If 1% strain at the peak stress is considered as the threshold value for ductility, it can be recommended that UHPC with a low fiber volume faction (~0.5-0.75%) should be used in conjunction with strain-hardening rebars (such as A1035 bars) in order to achieve ductility for 0.9% reinforcement ratio. 
Effect of Fiber Orientation
The effect of orientation of the fibers on the stress versus strain response is shown in Figure 18a for 1%
and A1035 rebars and in Figure 18b for 1% and A615 rebars. In both the cases, the strain-hardening modulus registers the highest value when the fibers are aligned with the load direction and the lowest value when the fibers are arranged perpendicular to the load direction. These 
The effect of orientation of the fibers on the stress versus strain response is shown in Figure 18a for 1% V f and A1035 rebars and in Figure 18b for 1% V f and A615 rebars. In both the cases, the strain-hardening modulus registers the highest value when the fibers are aligned with the load direction and the lowest value when the fibers are arranged perpendicular to the load direction. These results confirm that the crack bridging effect is most effective when fibers are oriented parallel to the applied tensile load and the least effective when they are perpendicular to the load direction. However, the bond between UHPC and the rebar is better when the fibers are perpendicular to the load direction rather than parallel [7] . This explains the improvement in ductility for the composite with A1035 bars when the fiber orientation is changed from parallel to perpendicular with respect to the load direction (Figure 18a ). In case of the composite with A615 bars (Figure 18b) , the perpendicular fiber orientation registers a much higher strain at the peak stress (0.030) compared to the other two orientation types (0.003 for parallel and 0.006 for random). results confirm that the crack bridging effect is most effective when fibers are oriented parallel to the applied tensile load and the least effective when they are perpendicular to the load direction. However, the bond between UHPC and the rebar is better when the fibers are perpendicular to the load direction rather than parallel [7] . This explains the improvement in ductility for the composite with A1035 bars when the fiber orientation is changed from parallel to perpendicular with respect to the load direction (Figure 18a ). In case of the composite with A615 bars (Figure 18b ), the perpendicular fiber orientation registers a much higher strain at the peak stress (0.030) compared to the other two orientation types (0.003 for parallel and 0.006 for random).
(a) (b) Figure 18 . Effect of fiber orientation on the stress versus strain response: (a) A1035 bars with 1% fibers; (b) A615 bars with 1% fibers.
Effect of Rebar Type
The effect of rebar type on the stress versus strain response of the composite with parallel fibers is shown in Figure 19 . Since the modulus of A1035 bars and A615 bars are identical before yielding of A615 bars (Figure 4) , the stiffness of the composite until softening of A615 bars is the same, given all other parameters remaining unchanged. However, the peak stress values of the composite with A1035 bars are higher than that with same-diameter A615 bars because of the higher ultimate strength of A1035 bars as compared to A615 bars. Also, the ductility of the composite with A1035 bars is better than that with A615 bars for a particular . 
The effect of rebar type on the stress versus strain response of the composite with parallel fibers is shown in Figure 19 . Since the modulus of A1035 bars and A615 bars are identical before yielding of A615 bars (Figure 4) , the stiffness of the composite until softening of A615 bars is the same, given all other parameters remaining unchanged. However, the peak stress values of the composite with A1035 bars are higher than that with same-diameter A615 bars because of the higher ultimate strength of A1035 bars as compared to A615 bars. Also, the ductility of the composite with A1035 bars is better than that with A615 bars for a particular V f . results confirm that the crack bridging effect is most effective when fibers are oriented parallel to the applied tensile load and the least effective when they are perpendicular to the load direction. However, the bond between UHPC and the rebar is better when the fibers are perpendicular to the load direction rather than parallel [7] . This explains the improvement in ductility for the composite with A1035 bars when the fiber orientation is changed from parallel to perpendicular with respect to the load direction (Figure 18a ). In case of the composite with A615 bars (Figure 18b ), the perpendicular fiber orientation registers a much higher strain at the peak stress (0.030) compared to the other two orientation types (0.003 for parallel and 0.006 for random).
The effect of rebar type on the stress versus strain response of the composite with parallel fibers is shown in Figure 19 . Since the modulus of A1035 bars and A615 bars are identical before yielding of A615 bars (Figure 4) , the stiffness of the composite until softening of A615 bars is the same, given all other parameters remaining unchanged. However, the peak stress values of the composite with A1035 bars are higher than that with same-diameter A615 bars because of the higher ultimate strength of A1035 bars as compared to A615 bars. Also, the ductility of the composite with A1035 bars is better than that with A615 bars for a particular . One representative failure pattern at rupture for each of the fiber volume fractions, viz. 0.5%, 1%, 2%, and 3% for a particular series (A1035 rebars with random fiber orientation) is shown in Figure 20a . The multiple macro cracks due to rebar-hardening are visible in this figure. In Figure 20b , the number of micro cracks per 600 mm at rupture as well as the macro cracks is plotted against V f for the same series. It can be seen from this figure that the number of micro cracks increases due to crack-bridging as the fiber volume fraction increases. However as expected, the number of macro cracks decreases as V f increases and thus the composite loses its ductility as V f increases. 20a. The multiple macro cracks due to rebar-hardening are visible in this figure. In Figure 20b , the number of micro cracks per 600 mm at rupture as well as the macro cracks is plotted against for the same series. It can be seen from this figure that the number of micro cracks increases due to crackbridging as the fiber volume fraction increases. However as expected, the number of macro cracks decreases as increases and thus the composite loses its ductility as increases. Figure 21a shows the representative failure patterns for different types of fiber orientation for the series with A1035 rebars and 1% fiber volume fraction, whereas Figure 21b shows the variation in number of micro cracks as well as macro cracks vis-à-vis the fiber orientation for the same series. It is evident from these two figures that the number of micro cracks is the highest in case of parallel fiber orientation due to the effective crack bridging. In case of perpendicular orientation, the fibers were aligned perpendicular to the load direction and hence, were not effective in crack bridging. As a result, the number of micro cracks in this case is the lowest among the three; however, the number of macro cracks is the highest in case of perpendicular fiber orientation due to improved ductility owing to better bonding and reduced ∆ . Figure 21a shows the representative failure patterns for different types of fiber orientation for the series with A1035 rebars and 1% fiber volume fraction, whereas Figure 21b shows the variation in number of micro cracks as well as macro cracks vis-à-vis the fiber orientation for the same series. It is evident from these two figures that the number of micro cracks is the highest in case of parallel fiber orientation due to the effective crack bridging. In case of perpendicular orientation, the fibers were aligned perpendicular to the load direction and hence, were not effective in crack bridging. As a result, the number of micro cracks in this case is the lowest among the three; however, the number of macro cracks is the highest in case of perpendicular fiber orientation due to improved ductility owing to better bonding and reduced ∆F m . 
Effect of Fiber Orientation
Effect of Rebar Type
The failure patterns and the number of micro/macro cracks per 600 mm for two different types of rebars are shown in Figure 22a ,b, respectively. Both the specimens had 1% fibers oriented randomly with respect to the load direction. It can be seen from Figure 22a that the specimen with A615 bars has only one macro crack but the specimen with A1035 bars has multiple macro cracks due to better ductility. The number of micro cracks is also higher in case of A1035 bars, which is supported by Figure 22b . 
Conclusions
Effect of Rebar Type
Conclusions
Amid the growing interest in the application of rebar-reinforced ultra-high performance concrete (UHPC) in the US, the present study investigated the influence of the type of rebar reinforcement and the amount and orientation of fibers on the uniaxial tensile behavior of rebar-reinforced strain-hardening UHPC. The UHPC used in this study had a 14-day compressive strength of 162.1 MPa (28-day strength = 176.1 MPa) and a 14-day post-cracking uniaxial tensile strength of 13.4 MPa (with 2% fiber). The discrete steel fibers (aspect ratio = 65) imparted strain-hardening property accompanied by multiple cracking to the UHPC. Two different grades of uncoated deformed #3 (nominal diameter ≈ 9.5 mm) steel rebar, viz. normal strength grade 60 ( f y = 415 MPa) and high strength grade 100 ( f y = 700 MPa), were used in the experiment. A total of sixteen different series based on volume fraction and orientation of fiber and type of rebar were tested under uniaxial tension.
The conclusions from the uniaxial tests are summarized below:
• In general, the composite tensile strength increased with the increase in fiber volume fraction for a given rebar type and fiber orientation.
• For a given rebar type and fiber volume fraction, the UHPC with fibers oriented parallel to the load direction showed the highest peak tensile stress and the UHPC with fibers oriented perpendicular to the load direction recorded the lowest peak stress. The peak stress values with random fibers laid in between.
• UHPC with A1035 rebars recorded higher tensile stress as compared to UHPC with A615 rebars for a particular fiber volume fraction and parallel orientation of fibers.
• Average stress versus strain curves showed that the modulus of the composite in the strain-hardening region increased with the increase in fiber content. However, ductility of the composite decreased with the increase in fiber volume fraction beyond a certain value. In order to achieve enhanced ductility, it is recommended that the UHPC composite attains a minimum strain of 1% at peak stress. Using the reinforcement ratio (0.9%) in the present study, it is recommended to use UHPC with 0.5-0.75% fibers along with A1035 bars.
•
For a particular fiber volume fraction and type of rebar, the strain-hardening modulus recorded the maximum value for the composite with parallel fibers and the minimum value for the composite with perpendicular fibers. The value for random fiber orientation was in between.
For future study, it is recommended that the influence of fiber orientation be investigated for UHPC specimens with a wider range of fiber volume fractions and rebar reinforcement ratio. Funding: This research received no external funding.
